ABSTRACT In this paper, we investigate the effect of hardware impairments on the performance of dual-hop amplify-and-forward (AF)/decode-and-forward (DF) multiple relaying networks using switch-and-examine combining with post-selection (SECps) scheduling scheme in shadowed-Rician (SR) channel. Moreover, we consider a more general network, where the hard impairments are both considered at source, relays, and destination. Specifically, to decrease the high-implementation cost, the SECps scheme is adopted to choose an appropriate relay. To evaluate the performance of the considered system, we derive the novel closed-form expression of the outage probability for the AF and DF protocol, respectively. We also derive the asymptotic outage probability results at high SNRs for the DF protocol, which provides a fast way to evaluate the impact of hardware impairments on the dual-hop relay networks in the SR channel. In addition, simulation results are given to validate the correctness of the analytical results.
I. INTRODUCTION
Relay communication has been widely used in various areas, such as broadcasting, disaster relief and navigation due to its potential in providing wide coverage and achieving higher data transmission rate at a low cost (see e.g., [1] - [3] and the references therein). For this reason, relay network is widely analyzed in [1] , [4] - [9] . In these works, the transmission channels are considered as shadowed-Rician (SR) channels. SR channel is formed as the destination can not only receive the signal of the direct link, but also the signal of the scatter link, the destination combines the signals. This channel is formed as SR channel. The difference between SR channel and Rayleigh channel or Nakagami-m channel is that SR channel both considers direct channel and scatter channel. In reality, SR channel has been analyzed in many works. In [10] , the author discussed the outage performance for the relay network in SR channel. In [11] , the authors analyzed the relay network performance in the presence of interference of SR channel. In [12] , the authors analyzed the SR channel in two channel cases, e.g. parameter integer and arbitrary value. Also in [12] , the system ergodic capacity and outage probability were derived to evaluate the system performance for the network in SR channel. In [13] , outage probability was analyzed for the cognitive networks in SR channel. In [14] , the outage probability was analyzed for two-way relay networks in SR channel. In [15] , the outage probability and ergodic capacity for multi-input-multi-output (MIMO) networks in SR channel were studied. In [16] , the secrecy outage probability was analyzed in SR channel. In [17] , the outage probability for beamforming cognitive networks was studied in SR channel.
Apart from the conventional diversity combining techniques, several variants of the switched-diversity combining techniques, such as switch-and-stay combining (SSC), switch-and-examine combining (SEC), and SEC with post-selection (SECps), were proposed in [18] - [20] due to their simplicity of implementation. To be specific, the SEC or SECps scheme examines the signal-to-noise ratio (SNR) of each branch in one by one manner with a predefined switched threshold. Once any branch exceeds the switched threshold, it will be selected for data transmission. The difference between SEC and SECps scheme exists in their last step where SEC keeps the last examined branch, while SECps selects the best one instead. It is worthy noting that SECps scheme outperforms the other two schemes with competitive implementation cost reduction.
Although the former work has analyzed the relay networks in SR channel, but to its regret, the authors just analyzed the relay network in ideal hardware, which ignored the hardware impairments. In practice, the hardware in communication systems often suffers from impairments, e.g. phase noise I/Q imbalance and high power amplifier non linearities [21] - [23] . In [24] , the impairments model was first proposed. The authors derived the closed-form of the outage probability and analyzed the ergodic capacity at high SNRs. In [25] , the impact of hardware impairments on MIMO networks was analyzed, the ergodic capacity of the system was derived. In [26] and [27] , the outage probability and instantaneous capacity of the multi-relay network were analyzed, besides opportunistic and partial relay selection were used to have a better performance. In [28] , the authors analyzed the impact of hardware impairments on the OFDM opportunistic networks. A closed-form expression for the end-to-end outage probability for both maximum-ratio and selection combining at the destination was derived. The same point of above papers is that when the system has hardware impairments, the outage performance occurs a bound. To the best of our knowledge, few papers concentrate on analyzing the impact of hardware impairments on the dual-hop relay networks using SECps scheme in SR channel. In [29] , the authors just analyzed the hardware impairments of the one relay network in SR channel, did not consider the multi-relays and did not analyzed the asymptotic results. Hence, we are motivated to analyze the dual-hop relay networks with the SECps scheme in SR channel when the hardware impairments is considered.
Our main contribution is summarized as follows: 1) Firstly, we derived the closed-form expression of the outage probability for the dual-hop amplify-andforward (AF) relay networks with hardware impairments in SR channel, which provides an intuitionistic way to evaluate the impact of the hardware impairments on the system. 2) Secondly, we get the novel closed-form expression of the outage probability for the system when the decodeand-forward (DF) protocol is used by the relay, which gives us a better way to analyze the impact of the hardware impairments on the system. 3) The asymptotic results at high SNRs for DF protocol are also presented to analyze the hardware impairments' effect on the system performance, which give us an efficient method to study the effect of hardware impairments on the system at high SNRs. The rest of this paper is organized as follows. Sec. II, the model we analyzed is briefly introduced. Sec. III, the cumulative distribution function (CDF) of the end-toend signal-to-noise-and-distortion-ratio (SNDR) is derived and some system performance metrics are provided. Sec. IV, the analytical results are presented. Finally, Sec. V, a brief summary of our work for this paper is concluded.
II. SYSTEM MODEL
As shown in Fig.1 , we consider a multi-relay network, which constitutes of a source (S), N relays (R) and a destination (D). S, R and D are equipped with single antenna respectively. Due to the long distance, S can not communicate with D directly. Hence the communication between S and D takes two slots (hops). The channel of first hop and second hop follow the SR fading respectively.
As discussed in [20] , when using the SECps scheduling scheme, the source starts probing the legitimate relay links sequentially, and compares and estimated instantaneous SNDR of each relay link against the predefined switching threshold γ T . If it is found that the j-th instantaneous SNDR of main link, i.e. γ jd , j ∈ {1, 2, . . . , N } is above the pre-defined switching threshold γ T , then the corresponding j-th legitimate relay link is allowed to access the available transmission time, and no further processing is required. Otherwise, if all legitimate relay links have been examined and the estimated SNDRs are below pre-defined switching threshold, then the source will select the legitimate relay link with the best SNDR [20] .
Without loss of generality, we define γ d as the resulting SNDR of the selected legitimate relay link. Now, according to the basic principle of SECps scheme, the cumulative distribution function (CDF) of γ d is given by
Using an independent identically distributed (i.i.d.) fading assumption across the paths, we can rewrite Eq. (1) in terms of the common CDF of
where F γ j (x) is the CDF of γ jd , which is detailed in the next section.
III. SYSTEM PERFORMANCE
In this section, we present a comprehensive performance investigation on the system described in the previous section. Specifically, the description for the SR channel, the CDF of γ d , the asymptotic results at high SNRs for the outage performance of the considered system with hardware impairments are derived.
A. OUTAGE PROBABILITY OF THE SYSTEM FOR AF PROTOCOL
In this section, we derive the novel closed-form for the outage probability of the system for AF protocol. In the first time slot, S transmits the signal to all R, in order to derive the final closed-form expression for outage probability and without losing the generality, we take the j-th R for an example, the received signal of the j-th R is given by
where h 1j denotes the channel coefficient between S and j-th R which is the SR random variable (RV), s is the transmitted signal with power P 1 = E |s| 2 . η jt and η jr are the distortion noise with zero mean and variance k 2 jt P 1 and k 2 jr h 1j 2 P 1 , respectively. k jt and k jr are sufficient to characterize the transmitted and received aggregate level of impairments at S and j-th R respectively. v jr is the additive white Gaussian noise (AWGN) which is represented as v jr ∼ CN 0, δ 2 jr . In the second time slot, the signal is forward to D by the j-th R, as AF is used by R, hence the received signal of D is given by
where h 2j denotes the channel coefficient between j-th R and D which is the SR RV, y jr is the transmitted signal from j-th R with average power P 2j = E y jr 2 . η jrt and η jd are the distortion noise with zero mean and variance k 2 jrt P 2j and k 2 jd h 2j 2 P 2j , k jrt and k jd are sufficient to characterize the transmitted and received aggregate level of impairments at j-th R and D respectively. v jd is the AWGN with v jd ∼ CN 0, δ 2 jd . From (3) and (4), the SNDR of the first hop and second hop is given by, respectively.
where
Due to the fact that the AF scheme is exploited at the j-th R, therefore we derive the SNDR at the desired user D of the j-th relay link as follows.
The channel we assumed is SR channel, hence the probability density function (PDF) of λ ij (i = 1, 2; j = 1, 2, ..., N ) is given by
where ij =
, λ ij is the average signal-to-noise ratio
, ij , 2b ij and m ij ≥ 0 correspond to the average power of the LOS component, the average power of the multi-path component and the fading severity parameter ranging from 0 to ∞, respectively. (·) q is the Pochhammer symbol.
According to [1] , the outage probability is defined as the probability that the instantaneous end-to-end SNDR falls below a predefined threshold x. With the help of (7), the outage probability of the considered system is given by
From (9), we know that when x ≤
is given as (10) , as shown at the top of the next page.
Substituting (8) into I 1 , I 1 can be written as (11) , as shown at the top of the next page.
By the same way, with the help of [30] , and after some simplifications, I 2 is given by (12) , as shown at the top of the next page. In (12) 
and K v (·) denotes the vth-order modified Bessel function of the second kind. Substituting (11) and (12) into (10), (10) is rewritten as (13) , as shown at the top of the next page. Substituting (13) into (9), (9) is given by (14) , as shown at the top of the next page.
Substituting (9) into (2), the closed-form expression for the considered AF system is derived.
VOLUME 5, 2017
Pr
From (2), we know that when x is smaller than γ T , the CDF of
From (7), we remark that the SNDR of the system will have an upper bound 1 A j when λ 1j = λ 2j → ∞, so when γ T is larger than
will be a fixed value.
B. OUTAGE PROBABILITY OF THE SYSTEM FOR DF PROTOCOL
In this section, we study the outage probability of the provided system for DF protocol.
From [1] , we know that when DF protocol is used by the relay, the γ jd is given by
Hence the CDF of γ jd can be written as
where F γ 1j (x) and F γ 2j (x) is the CDF of γ 1j and γ 2j respectively. In the next discussion, the CDF of γ 1j and γ 2j are derived respectively. With the help of (5) and (8),
given by (17) , as shown at the top of this page. By the same way, F γ 2j (x) is given by (18) , as shown at the top of this page. Substituting (17) and (18) into (16), P γ j (x) is given by (19) , as shown at the top of this page. Substituting (19) into (2), the closed-form expression for the consider DF system is derived.
C. ASYMPTOTIC OUTAGE PROBABILITY ANALYSIS
In the following, we derived the asymptotic outage probability expression at high SNRs for DF protocol of the analyzed system, from [10] we know that
With the help of (5) and (20), the asymptotic expression for F γ 1j (x) is given by
By the same way, the asymptotic expression for F γ 2j (x) is given by
Substituting (21) and (22) into (16), (16) is rewritten as (23) , as shown at the top of this page.
Substituting (23) into (2), the asymptotic outage probability expression at high SNRs for DF protocol of the analyzed system is derived.
IV. NUMERICAL RESULTS
In this section, Monte Carlo simulations are provided to verify the analytical results. Some representative numerical results are provided to evaluate the impact of hardware impairments. In the following, we assume that the same channel parameters as m 2 = 5, b 2 = 0.251, 2 = 0.279 and P 1 = P 2 are considered for each relay link. The number VOLUME 5, 2017 FIGURE 2. Outage probability of the system with different hardware impairments level versus x = 3dB and γ T = 2dB. N is assumed to be 3. In addition, in order to simplify the simulation, we assume thatλ 1j =λ 2j =λ.
Furthermore, we also take into account that each relay link has the same impairment level, some illustrations for the figures: Fig. 2 plots the outage performance for the relay networks with both ideal hardware and impaired hardware scenarios in SR channel. In Fig. 2 , we assumed that x = 3dB and γ T = 2dB, it can be observed that the theory results are sufficiently tight across the entire SNR with the simulation results, which verifies the correctness of our analysis. From the results, we also find that when the channel is under heavy fading condition, a worse performance of the considered system occurs. What's more, from Fig. 2 we know that the lower hardware impairments is, the lower outage probability is. Fig. 3 examines the outage performance of the relay networks with both ideal hardware and impaired hardware versus x = 3dB and γ T = 4dB in SR channel. The theoretical results are also tight across the entire SNR with the simulation results, which further verifies the correctness of our analysis. Compared with Fig. 3 , it can be readily observed that when γ T is larger than x, the outage probability is lower than the case which γ T is smaller than x. This results may be proved by (2) , this may be the advantage of the SECps scheme. 4 shows that the outage threshold will have a bound when the system has hardware impairments, which is proved by (9) . When the threshold is larger than the bound, the outage probability will be always 1. But when the system has ideal hardware, there is no threshold bound, the outage probability will increase to 1 with the threshold increases to infinite. From the results, we can see that when the channel has different parameters, the threshold bound has the same value 1 A j , which means that the bound is just the function of k jt , k jr , k jrt and k jd , which is proved by (9) . Fig. 5 illustrates that the outage probability versus different γ T . In this figure, we suppose λ 1j = λ 2j = 20dB for the simulation, from Fig. 5 we know that when the level of hardware impairments is larger, the outage probability is higher. In the figure, we know that in Case 3, the outage probability is always 1, this has been proved in (7), in Case3, from the theory analysis, we know that the larger value 1 A ij = 2.89dB, which is smaller than x. So the outage probability is always 1. From this figure, it also can be seen that when γ T is larger than x, the outage probability will be a fixed value. Fig. 6 depicts that the outage probability versus different γ T with x = 2dB. In this figure, we also suppose λ 1j = λ 2j = 20dB for the simulation. Compared with Fig. 5 , it can be seen that, in Case3, the outage probability is not always 1, it may be proved in (9) . The same with Fig. 5 , when γ T is larger than x, the outage probability will be a fixed value. Fig. 7 plots the difference between AF results and DF results for the system respectively versus γ T = 3dB and x = 2dB. Through the figure, we can find that the DF results are lower than the AF results, which can be known from (15) FIGURE 6. Outage probability versus different γ T with x = 2dB.
FIGURE 7.
The difference between AF and DF results for the outage probability.
FIGURE 8.
The asymptotic analysis at high SNRs for the outage probability versus γ T = 3dB and x = 2dB when using DF protocol. and (7). This results prove that DF protocol is better than AF protocol, but we must know that DF protocol has a strict requirement for the hardware. Fig. 8 examines the asymptotic analysis at high SNRs for the outage probability versus γ T = 3dB and x = 2dB when using DF protocol. The figure tells us that, when the SNR is very high, the asymptotic results is sufficient across the accurate results, which validate the correctness of the theory results. The same results with the other figures, when the channel is under heavy fading conditions, the system will have a worse outage performance.
V. CONCLUSIONS
In this paper, we investigated the effect of hardware impairments on the performance of dual-hop amplify-andforward (AF)/ decode-and-forward (DF) multiple relaying networks using switch-and-examine combining with postselection (SECps) scheduling scheme in shadowed-Rician channel. The closed-form expressions for outage probability of the dual-hop relay networks with hardware impairments in SR channel were derived. It was shown that the outage probability was siginificantly affected by the hardware impairments. Our results revealed that the outage floor appeared when the hardware impairments existed. In addition, a performance threshold bound occurred once the system suffered from hardware impairments. In other words, when the threshold was larger than the bound, the outage probability would be always 1. In addition, we derived the asymptotic results at high SNRs, which provided an intuitionistic way to evaluate the impact of the hardware impairments on the provided system. From the results, we also knew that when the SECps scheduling scheme was used by the system, the system had a great performance. According to the results, the performance of DF protocol was better than AF protocol, but a strict requirement for the hardware was required for DF protocol. Finally, when it came to a more severe fading scenario, the performance of the considered system would be worse.
